Material and Methods

1
Isolation and CryoEM of VSV virions 2
VSV virion samples were produced as previously described, except that the inoculum 3 was passaged multiple times in HeLa cells with a very low multiplicity of infection (MOI), 4 0.001, in order to suppress truncated defective-interference (DI) particles (1). We 5 isolated full VSV particles (B-particles) in a sucrose gradient and plaque purified the final 6 inoculum in HeLa cells. We pelleted the then cultured virions at 30,000g for 2 hours and 7 resuspended them in phosphate buffered saline (PBS). We subjected the stock to 8 another low speed centrifugation at 12,000 rpm (12,000g) for 5 minutes in a desktop 9 centrifuge (Spectrafuge 16M, Labnet, Woodbridge NJ) to remove large aggregates. The 10 resulting suspension was banded on a 10ml density gradient containing 0-50% 11 potassium tartrate and 30-0% glycerol. The VSV-containing band was extracted using a 12 syringe, diluted in PBS, pelleted at 30,000g for 2 hours and resuspended in PBS for 13 cryoEM. Each aliquot of 2.5 µl of the purified sample was applied to a quantifoil 3.5/1 μm 14 grid (Quantifoil Micro Tools mbH, Germany), blotted by filter paper, and plunged into 15 liquid nitrogen-cooled liquid ethane to make a vitreous-ice embedded VSV sample. We 16 recorded cryoEM images with a TVIPS 4Kx4K CCD camera, first at a magnification of 17 59,000x, subsequently at 98,000x, using an FEI Tecnai Polara electron microscope
18
(Hillsborough, Oregon) operated at 300kV.
20
Selection of data processing strategies and generation of the initial model 21
For image processing and 3D reconstruction, we worked out an integrative approach 22 involving combined use of B-Soft package (2), EMAN (3), IHRSR (4) and Spider (5) 23 packages.
3 | P a g e
We manually selected a total of 1183 virion trunk segments from the 59,000x 25 images. Each segment was sub-divided into 3 pieces based on the "90% overlap" 26 scheme (4). For the conical tip and trunk base, 2877 particles were chosen for two- 
31
To determine the helical parameters, we first tried the SUPRIM(6) package to 32 index the layer lines in the Fourier transforms of individual VSV trunk particles. However,
33
since the particles were too short -the length of the helical trunk is less than twice its 34 diameter -layer-line data alone was not sufficient to determine helical parameters.
35
Therefore, we turned to the IHRSR package (4), which does not require initial knowledge 36 of helical parameters to do helical reconstruction. However, the typical IHRSR approach 37 that used cylindrical objects as starting models did not work.
38
As an alternative, we introduced our first model for IHRSR reconstruction by 39 doing the following: We classified the "90% overlap" (4) pieces by mutual similarity with 40 the "refine2d.py" program in the EMAN package (3). A grand-class-average was 41 generated by iteratively aligning and averaging the class-averages using the 42 "classalign2" program in EMAN. This grand-class-average was used to center particles 43 and align them for the in-plane rotation (phi angle in EMAN). We then assigned a 44 random choice from discrete azimuths (in 4° intervals from 0° to 360°) and defined 90° 45 altitude to every particle. We classified the particles based on the assigned orientation,
46
averaged the classes, and back-projected the averages to generate a crude 3D model.
47
We then imposed the initial helical parameters (see below) on the crude model. We 
Determination of helical parameters 52
We determined the helical parameters based on the following strategy: First, we 53 determined the pitch of the helix from the calculated layer lines (Fig. 1A, inset) . Second,
54
we did a reference-free 2D classification of the virion-trunk images. The resulting classes 55 clearly showed that one N subunit sat between the shoulders of two N subunits in a 56 lower turn (Fig. 4A, left panels) . Therefore, the helical symmetry was (2n+1)/2 57 subunits/turn. The layer lines in the incoherently averaged Fourier transforms of the 58 trunk images (Fig. 1A , inset) also agreed with such helical symmetry.
59
Since previous literature suggested that the number of subunits/turn was around 60 38 (7), we scanned the parameter space by (2n+1)/2 subunits/turn, 32.5 ≤ n ≤ 42.5. For 61 each of the helical parameter sets, we ran an IHRSR refinement and checked whether 62 the refinement converged at its initial helical parameter. Only the cases for 32.5 63 subunits/turn and 37.5 units/turn did so. We also tried to count two subunits as one,
64
considering the possibility that two N proteins shared one P protein (8) 
71
Since both 75 4 and 75 6 helixes were multiples of 75 2 or 37.5 subunits/turn helix, 72 these findings proved that 37.5 subunits/turn was the major helicity among the 73 population and suggested that 32.5 subunits/turn was not a stable solution. In addition,
74
when we tried to dock the crystal structures of M CTD and N into the final reconstructions, 75 5 | P a g e the structure from the 37.5 subunits/turn helicity fit well with the crystal structure ( Fig. 
76
3A), but that from the 32.5 subunits/turn helicity did not. These results demonstrate that 77 the helicity of 37.5 subunits/turn is the true solution.
79
Final structural refinement 80
Further structure refinement of the trunk was done by using a modified IHRSR 81 procedure with EMAN in place of Spider. We imposed no symmetry during the EMAN 82 refinement by setting the symmetry option to C1 (i.e., no symmetry). At the end of each 83 iteration, we used the hsearch_lorentz program from the IHRSR package to re-estimate 84 the helical parameters and impose them on the C1 density map generated by EMAN 85 using program himpose. We used only the best 76% of the particles within each class by 86 setting the "classkeep" parameter in EMAN to 0.7.
87
The structure generated from the 59,000x images was found to be of 15Å 88 resolution. We then manually selected a fresh 644 virion trunk particles from higher-89 resolution, 98,000x images and segmented them into 1443 pieces (~ 434,700 90 asymmetric units) based on the "90% overlap" scheme(4). These 1443 virion trunk 91 segments were used to reconstruct a higher-resolution structure by following the above 92 refinement scheme with the final reconstruction from the 59,000x data as the starting 93 model.
94
The final structure was found to be of 10.6Å resolution, as determined by the 0.5 
116
decamers were dominant (78%) (Fig. 3D) , but in the mutants, larger rings were more 117 common, decamers making up only 58% and 11% of the total (Fig. 3D, Supplementary 118 Table 1 ). This data suggest that removing interactions along the side-by-side interface of 
128
This interface faces the interior of the helical cylinder in our structure, suggesting that the 129 P binding site of the N protein is in the central cavity. However, since the number of P in 130 a virion is only about one-third of the number of N, and because P is an oligomer (11, 131 12), only a portion of all available N subunits would be occupied by P (7). As a result, P
132
would not be expected to be resolved in our density map.
134
A Rigid and Precise Helix
135
It is not easy to maintain long range periodicity in anything but a crystal (4). In this regard, 
147
Recently, the full length M has been crystallized (13). This crystal structure can be 148 docked into our cryoEM density of M in the virion trunk ( Fig. 2A) . The newly resolved 149 8 | P a g e 
154
However, the conformation of M in its linear polymer in the crystal structure is 155 different from that in its linear polymer in the virion in several respects ( fig. S5 ). In the 156 virion, the M subunits present the same face to the membrane. In the crystal structure, 157 the linear polymer folds like an accordion, with subunits alternating in their orientation
158
( fig S5) . The longest dimension of every subunit in the virion is more nearly parallel to 159 the axis of the polymer, whereas alternating subunits in the crystal structure tilt 55° and
160
180° from the axis of the polymer. The polymer in the crystal structure can be seen as a 
Movie S5 235
Matching between high density regions (gray blobs, contoured at 3.0σ above the 236 mean) in the M density map and α helices in the docked crystal structure of M CTD 237 (PDB:2W2R) (ribbons). 238
239
Movie S6 240
Matching between high density regions (magenta wireframe, contoured at 3.5σ 241 above the mean) in the N density map and α helices in the docked crystal 242 structure of N (PDB:2GIC) (yellow and blue ribbons). Comparison of the linear polymer of M in the virion trunk and in the crystal structure of M (PDB:2W2R) A linear polymer of six M subunits is extracted from the 3D density map of the virion trunk and shown as cyan contour. A linear polymer of six M subunits from the crystal structure of M is shown in ribbon diagram with alternating cyan and magenta colors. The orientation of these M subunits are marked by their neighboring trapezoids. As seen from the figure, the distance covered by the six M subunits in the linear polymer as in the crystal structure is shorter than that covered by their counterparts in the virion.
